Abstract. The heat generation mechanism of lithium-ion power battery was analyzed. It was concluded that the battery heating was related to the temperature coefficient of electro motive force, the SOC of the battery, the resistance of the battery, the current ratio . Based on the experiment, the important characteristic of the NCM were studied at different ambient temperatures. Experimental results are as follows. The discharge capacity increases with the increase of ambient temperature, and decreases with the increase of discharge ratio. The battery resistance rises obviously at low temperature, and discharge resistance is greater than the charging resistance. The SOC-OCV curve in the low temperature is lower than in the high temperature. The discharge efficiency curve gave the temperature reference range for normal operation of the battery. The study provides an important basis for the technology progress of battery thermal management technology for electric vehicles.
Introduction
The emission of traditional internal combustion engine vehicles causes environmental pollution and induces greenhouse effect and global warming, which makes the development of new energy vehicles be especially important. In recent years, electric cars obtain the unprecedented development and make great progress; however, questions also begin to come into sight. Power battery influences electric cars at the most [1] . The performance of power battery is closely related to environmental temperature, thermodynamic parameter of the battery, thermal management method and others [2, 4] . Meanwhile, the capacity character, internal resistance value and open-circuit voltage curve of the battery are not only significant indicators that reflect the power battery performance, but also importance parameters that participate in the design of battery heat management system [5] . Therefore, to analyze the performance of the lithium ion battery under different environmental temperatures has a promote effect for the development of battery heat management system, which also has significant meaning to promote the development of efficient and clean new energy vehicles [6] .
At present, researches on characteristics of lithium ion power battery mainly concentrate on theoretical research of the fever and heat dissipation model as well as experimental analysis of power battery characteristics under different environmental conditions. Both of them have not been combined to research the relation between significant indicators of lithium ion power battery characteristics and battery heating mechanism in depth. Take 3.67V/50Ah ternary lithium ion battery as the research object; analyze related factors influencing battery heating based on the heating mechanism of lithium ion battery and conduct experimental analysis on the important performance indicators of lithium ion power battery by cooperating with specific experiments. At the same time, to understand the battery performance more accurately, the analysis of discharging efficiency is added.
Heating Analysis of Lithium-ion Battery
The heating problem of lithium-ion battery mainly includes two parts of battery heating and heat exchange with the environment [7] .
Heating mechanism analysis
During actual analysis, the experimental analysis method proposed by Sato et al. is generally adopted. The method deems that battery heating mainly means the reversible heat Qr generated from the electrochemical reaction entropy change within the battery, Ohmic internal resistance heat QJ and polarization internal resistance heat QP generated from battery. Except the above three heating sources, secondary reaction heat Qs will be generated during charge-discharge as well [8] . But Qs is relatively lower during the normal application of vehicles, and it can be neglected.
According to theories of chemical thermodynamics, under the equivalent press state:
Meanwhile, in consideration of external battery work, the electrical work made by ΔG includes:
（3） Calculate from Formula (2) and (3):
（4）
In the above formula, ΔS is the entropy change; ΔH is the enthalpy change; ΔG is the gibbs free energy change; (∂E/∂T) is the temperature coefficient of electromotive force; T is the temperature (K); E is the battery electromotive force(V), and F is the faraday constant.
The resistance will generate heat during the charge-discharge process of battery, which is heat of irreversible reaction; polarization internal resistance will produce polarization internal resistance heat during the charge-discharge process. The calculation formula of the heat generated is:
（6）
In the formula, QJ is the Ohmic internal resistance heat(J); QP is the polarization internal resistance heat(J); I is the charge-discharge current(A); RW s the Ohmic internal resistance and Rp is the polarization internal resistance(Ω).
Unite Formula (5) and (6), we can calculate the heat value Q during the charge-discharge process of lithium-ion battery:
In the formula: R is the total battery internal resistance(Ω).
Heat exchange analysis
The internal heat transfer method of lithium-ion battery can be divided into three methods of heat conduction, heat radiation and heat convection. We only need to consider heat conduction and heat convection during the normal application of vehicles Heat conduction can be based on the fourier law:
In the formula, q1 is the heat flux (W/m2) during the heat conduction process; kn is the heat conductivity coefficient (W/m*k); ∂t/∂n is the temperature gradient in n direction (K/m).
Heat convection can be expressed in the Newtonian cooling method:
（9）
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In the formula: q2 is the heat flux (W/m 2 ) in the heat convection; hf is the convective heat transfer coefficient (W/m 2 ꞏK); Ts is the temperature (K) of the battery surface and Tb is the temperature (K) of the surround flow media.
We can calculate that the NCM battery selected can release its heat generated timely under normal temperature through analysis and calculation according to the heating mechanism of lithium-ion battery. However, if the external environment changes, it will change the battery performance as well as its heat production.
We can know that the temperature coefficient of electromotive force (∂E/∂T) is related to the change of ΔS from Formula (4). At the same time, ΔS and the battery SOC have a close relation. According to Literature [9] , we can reach that the battery discharge reaction absorbs heat when 0.4<SOC<1 and ΔS>0; the battery discharge reaction releases heat when SOC<0.4 and ΔS<0, and the temperature coefficient increases linearly along with the decrease of SOC. Formula (7) indicates that the battery heat production is directly related to the battery internal resistance and current multiplying power. Formula (8) and (9) indicates that the battery heat convection is closely related to environmental temperature. Therefore, experimental researches will be done on the battery under different environmental temperatures by cooperating with the above influence factors.
Research on Lithium Ion Battery Thermal Characteristics
In the test, the charging and discharging equipment Digatron MCT100-6-8, explosion-proof high-low temperature test chamber, temperature data collection and voltage acquisition device and others are adopted to conduct tests.
Environmental and discharge capacity
The testing method is as follows (taking 0.1C as an example): discharge the battery with 1C current to the non-conducting voltage under the indoor temperature, and place it for 1 hour; charge the battery with 1C current to 4.25V, charge it to 2.8A current with constant voltage and place it for 1 hour; then place the battery in the high-low temperature test chamber for 2 hours in the set environmental temperature; finally discharge it with 0.1C current to unit voltage value 2.8V, and record the battery discharge capacity at this stage. 0.1C, 0.3C, 1C, 2C, 3C and 4C discharge rates will be selected in the test.
The experimental result is shown in Figure 1 : the battery discharge capacity decreases along with the increase of the discharge rate and increases along with the increase of the environmental temperature. When the environmental temperature is lower than 25℃, the reduce trend of the discharge capacity under high discharge rate is more obvious than that under lower discharge rate; when the environmental temperature is higher than 25℃, the curve changes relatively stable. 
Environmental temperature and DC internal resistance
Refer to HPPC experiment for the method of testing the battery internal resistance. The testing method is as follows: empty the battery electric quantity firstly based on the testing method in 2.1 section, then charge it fully and place it for 1 hour; discharge it with 1/3C constant current, discharge 10% rated capacity every time and place it for 1 hour; then conduct pulse charge and discharge on the battery to calculate the DC internal resistance. In the experiment, the SOC testing point selects 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 under the environmental temperature of -25℃, 0℃, 25℃ and 40℃ respectively.
The experiment indicates that the discharge internal resistance and charge internal resistance increase along with the decrease of temperature and increase along with the decrease of SOC; but the discharge internal resistance is larger than the charge internal resistance. As shown in Figure 2 , when the environmental temperature is 25℃ and 40℃, the discharge internal resistance of the battery under different SOCs is with little difference; when the environmental temperature is 0℃ and -25℃, the battery internal resistance is relatively small within the SOC scope of 0.4 ~ 0.9, and its change along with SOC is little. But when SOC is lower than 0.4, the discharge internal resistance has an obvious increase trend along with the decrease of temperature. As shown in Figure 3 , during the charging process, when the environmental temperature is 0℃, 25℃ and 40℃, the internal resistance of the battery is with little difference under different SOCs, and it is relatively small; when the environmental temperature is -25℃, the battery internal resistance is very high, and the increase trend of the battery internal resistance is more obvious when SOC is lower than 0.4. 
Environmental temperature and open-circuit voltage
The testing method is as follows: empty the battery electric quantity firstly based on the testing method in the 2.1 section, then charge it fully and place it;; set the high-low temperature test chamber at the demanded temperature, and place it for 2h; then discharge it with 1/3C constant current to the set SOC, and record the open-circuit voltage of the battery; respectively test 11 SOC points: 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1 and 4 environmental temperatures: -25℃, 0℃, 25℃ and 40℃ according to the above-mentioned testing method.
As shown in Figure 4 , the open-circuit voltage of the battery reduces fast when the environmental temperature is the same and SOC<0.2; the change of the open-circuit voltage of the battery along with the change of SOC is relatively stable when SOC > 0.2. Curves acquired under different environmental temperatures are different environmental temperature. The lower the environmental temperature during the charge and discharge process, the lower the open-circuit voltage.
When the environmental temperature is 0℃, 25℃ and 40℃, the relative difference of the battery open-circuit voltage is small; but the -25℃ curve is obviously lower. When SOC value is relatively lower, the battery open-circuit voltage is very small. With cooperating with contents in Section 1, we can know that the internal energy consumed by the lithium ion battery electrochemical reaction will increase obviously upon deep discharge, and it will bring about losses to the battery. 
Environmental temperature and discharge efficiency
Discharge efficiency means the ratio between the actual capacity discharged under the regulated discharge system and the rated capacity. The actual discharge capacity of battery is required to reach 80% of the nominal capacity. Consider the batter life span based on the standard and find out the optimal work temperature scope. The experimental steps are the same as those in Section 2.1. Discharge the battery at 1C rate and test under different temperatures respectively.
From Figure 5 , we can know that the unit discharge efficiency decreases obviously when the environmental temperature is higher than 40℃ or lower than 0℃. It is because the battery internal resistance increases obviously during low-temperature discharge; thus, the battery voltage reaches the discharge non-conducting voltage in advance, and the discharge capacity is decreased. Upon hightemperature discharge, internal materials of the battery are with irreversible attenuation, and the electrolyte concentration is too low at the same time, which reduces the discharge capacity. Moreover, we can know that the battery discharge efficiency is lower than 80% when the temperature is lower than -15.5℃ or higher than 53℃from the experimental data. Therefore, lithium ion batteries are not applicable to operate without auxiliary heat management when the environmental temperature is lower than -15.5℃ or higher than 53℃. 
Summary
Important performances of NCM power battery under different environmental temperatures are analyzed by cooperating with the battery heating mechanism, and the following conclusions are acquired.
(1) The battery discharge capacity will decrease rapidly under low temperature, which increases fast along with the increase of temperature; but it is relatively stable under normal temperature. The increase of discharge capacity under high temperature will slow down.
(2) When the environmental temperature is indoor temperature and high temperature, the charge and discharge internal resistance is relatively smaller with little change upon different SOC values. Under low temperature, the charge and discharge internal resistance increases obviously along with the decrease of SOC. Therefore, the work environment of ternary lithium ion battery should be kept higher than 0℃ based on the experimental data.
(
3) The open-circuit voltage of the battery decreases along with the decrease of temperature, and the open-circuit voltage change caused by temperature difference increases along with the decrease of SOC values. Meanwhile, in consideration of the relation between entropy heat and SOC value, it is not suitable for NCM battery to discharge in depth under low temperature.
(4) According to the environmental temperature and discharge efficiency curve and cooperating with conclusions acquired, the battery temperature should be controlled between 0℃ ~ 53℃ in the heat management design of NCM batteries for vehicles.
Those conclusions define the temperature characteristics of ternary lithium ion batteries, which have significant meaning for the design of the battery heat management system.
